Abstract-By utilizing the multiple phase-shift and the sampling techniques, we demonstrate, for the first time, a novel multichannel notch filter with a multipliable channel count. Three kinds of notch filters with channel counts of 51, 102, and 153 are obtained by thermally inducing one, two, and three phase-shifts into a 51-channel phase-only sampled fiber Bragg grating, respectively. The proposed technique provides the potential applications to the multiwavelength fiber laser, the multichannel all-optical logic devices, and an optical code-division multiple access system. Index Terms-Multichannel notch filter, multiplication, phaseonly sampled fiber Bragg grating (FBG), phase shift.
I. INTRODUCTION
A TTRIBUTED to the unique advantages such as the small size, low loss, high reliability, and compatibility with the fiber-type components, fiber Bragg gratings (FBGs) have attracted great interest for the applications to optical communications, sensing, and microwave photonic systems, etc. [1] - [14] . With the development of all-optical switching and the wavelength-division-multiplexing technique, the sampled FBGs and multiple-phase-shift FBGs have been utilized as either the multichannel filter for the dispersion compensator [5] - [9] , or the optical logic devices [10] , [11] . The multiple phase-shifted FBG exhibits unique advantage for the generation of multiple ultranarrow response in transmission spectrum. In particular, with suitably multiple phase-shifts inserted, various kinds of spectra such as a quasi-flat-top transmission spectrum have been obtained [12] . Moreover, since the phase shifts in a grating can be easily introduced by simply using either the thermal or the mechanical approach, which makes the phase shifted FBG extremely flexible [11] , [14] . However, the FBG with both a high channel count and high channel uniformity is hardly obtained with the above methods. To solve the issue, the sampled FBGs, including the phase-only, the amplitude-only, or the simultaneous phase-and amplitude-sampling, have been proposed and widely used, which enable one to systematically design any kind of FBG with both the ideal channel performances and a high channel count [5] - [9] . Most recently, we have proposed a technique for the realization of a multichannel notch filter by using a thermally induced phase-shifted phase-only sampled FBG. However, only one phase-shift is introduced into the phase-only sampled FBG [14] . In this letter, by introducing multiple phase-shifts into the sampled FBG, we demonstrate, for the first time to our knowledge, a novel multichannel notch filter with a multipliable channel count.
II. PRINCIPLE AND EXPERIMENTAL SETUP Fig. 1 illustrates the Fourier analysis for the multiplication of the multichannel notch filter by utilizing a multiple-phaseshifted phase-only sampled FBG. As is generally known, the phase-only sampled FBG is the product of a single-channel seed grating [as shown in Fig. 1(a) ] with a phase-only sampling function [as shown in Fig. 1(b) ]. The induced refractive index-modulation , as is shown in Fig. 1(c) , can be expressed as [9] (1)
Here is the maximum index-modulation, is the position along the grating, represents the average uniform period of the seeding grating, and represents the phase-change of the seed grating related to the grating chirp. the phase profile of the phase-only sampling function. For convenience, the "dc" part of the index-modulation is neglected in (1) . Once the phase shifts are introduced into a phase-only sampled linearly chirped FBG at the positions of , the index-modulation [as shown in Fig. 1(d) ] can be expressed as (2) where is the number of the phase shifts and the function is defined as: if and if . It can be seen from (2) that the multiple phase-shifted phase-only sampled FBG is equivalent to a multiple phase-shift seed grating multiplied by a sampling function in the spatial domain. Therefore, the reflection spectrum resulted from a multiple phase-shifted seed grating should be copied simultaneously through all the resulted channels. As is shown in Fig. 1(d) , particular three-notch responses in each channel resulted from the sampled FBG may be realized by introducing three phase shifts. As a result, the channel count of the resulted notch filter is multiplied by the number of phase-shifts in a linearly chirped sampled FBG.
To confirm the above proposal, an experiment to thermally induce multiple phase-shifts into a phase-only sampled FBG is introduced as follows. Fig. 2 shows the schematic diagram of our setup. To realize multiplication of the channel count, more than one NiCr wire heater is utilized and fixed in the V-grooves in order to produce multiple phase-shifts based on the thermal-optical and thermal expansion effect. In particular, three NiCr wires labelled as #1, #2, and #3 are employed in this case. Here the phase-only sampled 51-channel FBG is a linearly chirped grating designed and fabricated to be used as the simultaneous dispersion and dispersion-slope compensator, which has a channel spacing of 0.8 nm and a grating length of 12 cm [8] , [13] . Note that the reason for using such a linearly chirped FBG is that the wavelengths with an identical detuning from the center of each channel are reflected at almost the same position of the grating; i.e., the notch wavelengths resulted have a linear relationship with the grating position, which in turn means that notch filters in all the channels are simultaneously obtained even if only one phase-shift is inserted in the FBG. In the experiment, the left and right sides of the FBG are related to the long and short wavelength ends, respectively. By tuning the variable resistors, temperature change within each local small section of fiber may be introduced at that point which means that the magnitude of the phase-shift could be continuously tunable.
Here an amplified spontaneous emission is used as the broadband light source. A heat sink made from a thin copper plank is placed over the crossing area to dissipate the unwanted heat which partly determines the stability of the notch filter. Fig. 3 shows the measurement results for a linearly chirped 51-channel FBG with three different numbers of phase-shifts. Fig. 3(b) shows the reflection spectrum as only one phase-shift is inserted; it can be seen that the notch filter with a narrow bandwidth of 0.026 nm is obtained. The phase-shift in Fig. 3(b) is implemented only by turning on the #3 wire, i.e., the closest one to the red end of the FBG. Fig. 3(c) and (d) shows the results where #1-#2 and #1-#3 wires are heated up, respectively. Fig. 3(a) and (d) illustrates the reflection spectra of the 51-channel FBG and the central channel under the condition of three phase-shifts being inserted. It can be seen that three narrow notch filters with different bandwidths of 0.040, 0.025, and 0.023 nm are obtained. Compared with Fig. 3(b) , it is obviously seen that the channel count of the notch filter in each FBG channel is linearly proportional to the number of the phase-shifts inserted. Therefore, three kinds of multichannel notch filters with the channel counts of 51, 102, and 153 have been achieved just by thermally inducing one, two, and three phase-shifts into a 51-channel phase-only sampled FBG, respectively. Note that, although the extinction ratios shown in the experimental results are smaller than the theoretical ones, it is high enough for some practical applications such as the multiwavelength fiber laser [15] .
III. RESULTS AND DISCUSSION
In addition to the above results, three points should be noted here. First, unlike the one-phase-shifted FBG, there exist small oscillations on the spectra which can be clearly seen at the bottom line of Fig. 3(c) and (d) . These oscillations are enhanced with increment of the phase shifts, which is caused by the multiple reflections between each phase-shift (i.e., a Fabry-Pérot cavity is formed between each paired phase-shifts). Second, from the Fig. 4 which shows the simulation results of the reflection and group delay spectra with and without two phase-shifts, it is found that once the two phase-shifts are introduced, two peaks on the group delay spectrum appear just at the notch wavelengths. Finally, as shown in Fig. 3(d) , one can find that the bandwidth of the reflection spectrum of the phase-only sampled FBG is obviously increased. However, in the simulation results, this phenomenon cannot be seen. Therefore, we believe that this broadening is mainly caused by the existence of the thermal expansion effect in the fiber. In our experiment, since only one heat-sink is utilized, the heat resulted from the three NiCr wires cannot be uniformly and rapidly dissipated compared with that utilizing a single wire heater, and thus the fiber temperature is largely increased, which in return means that the scheme utilizing more than three wires in our case may be insufficient for the practical application by using the present heat-diffusion approach. Further studies to improve the heat dissipation efficiency and the temperature stability of the thermally induced multiple phase-shifts are currently under way.
IV. CONCLUSION
A novel multichannel notch filter with a multipliable channel count is theoretically and experimentally demonstrated by utilizing both multiple-phase-shift and sampling techniques. Three multichannel notch filters with channel counts of 51, 102, and 153 are obtained by thermally inducing one, two, and three phase-shifts into a 51-channel linearly chirped FBG, respectively. The proposed technique may find the potential applications to the multiwavelength fiber laser, multichannel all-optical logic devices, and the optical code-division multiple access system.
